Recently, we discovered that the resonant frequency of a microstrip patch antenna is sensitive to mechanical strains or crack presence in the ground plane. Based on this principle, antenna sensors have been demonstrated to measure strain and detect crack in metallic structures. This paper presents a wireless method to remotely interrogate a dual-frequency antenna sensor. An interrogation horn antenna was used to irradiate the antenna sensor with a linear chirp microwave signal. By implementing a light-activated switch at the sensor node and performing signal processing of the backscattered signals, the resonant frequencies of the antenna sensor along both polarizations can be measured remotely. Since the antenna sensor does not need a local power source and can be interrogated wirelessly, electric wiring can be eliminated. The sensor implementation, the signal processing and the experimental setup that validate the remote interrogation of the antenna sensor are presented. A power budget model has also been established to estimate the maximum interrogation range.
Introduction
Wireless sensors have many advantages over traditional wired sensors. Sensor installation and maintenance costs are much lower for wireless sensors because the need for cables is eliminated. In addition, the mobile nature of wireless sensors also makes reconfiguration of the sensor networks easier. Using wireless communication as the sensor interrogation method eliminates the physical limitation on the maximum number of sensors that can be interfaced to a monitoring system. Wireless sensors can be categorized into two groups: active wireless sensors and passive wireless sensors. Active wireless sensor configuration includes a power source, a sensor node, an analog to digital converter (ADC), an embedded microprocessor and a wireless data transmitting unit (Hou and Lynch 2006 , Kiremidjian et al 2004 , Kurata et al 2005 , Nagayama et al 2007 . The requirement for a local power source increases the weight and size of the sensor and limits its 1 Author to whom any correspondence should be addressed. active life-time. One popular method to eliminate the battery is using an energy-harvesting device (Wang and Yuan 2007, Beeby et al 2006) . The energy harvester generates energy from other energy sources available in the ambient environment, such as mechanical vibrations, temperature gradient, optical power, etc. The energy harvester requires special components to generate and store energy, and thus increases the unit cost, its physical dimensions and the overall weight. Moreover, the energy density from the ambient energy sources is usually low. It takes considerable amount of time for the energy harvester to gather sufficient energy for the wireless sensor to function. This means that the wireless sensors powered by an energy harvester can only acquire and transmit the sensing information intermittently. Passive wireless sensors do not have a local power source at the sensor node. The most common passive wireless sensors are based on radio frequency identification (RFID) concept and surface acoustic wave (SAW) devices (Abraham and Varadan 2006 , Perng et al 2007 , Wen et al 2007 . This type of sensor couples a SAW device to a passive RFID tag. The RFID tag intercepts the interrogation signal transmitted by the RFID tag reader while the SAW device converts the interrogation signal to a SAW packet and uses it to perform the measurement. The reflected SAW packet is again converted back to RF signals and wirelessly transmitted to the tag reader using the RFID tag. Because of the double conversion of RF signals to SAWs, the insertion loss of the sensor is relatively high. Passive wireless sensors utilizing inductively coupled energy for measurement and wireless transmission have also been developed (Butler et al 2002 , Gould et al 2009 , Harpster et al 2002 . The sensor, a parallel-connected LC tank, is connected to an inductive coil. The measurand changes the capacitance or inductance of the LC tank, which in turn changes the resonant parameters of the sensor coil. By setting up a magnetic field near the sensor coil, a reader coil measures the resonant parameter changes of the sensor coil to decipher the measurement information. Inductive coupled passive wireless sensors usually have high losses. Therefore, the maximum interrogation distance between the sensor and the reader is very limited, usually of the order of a few centimeters.
Recently, we developed a different class of passive wireless sensors based on microstrip patch antenna technology. We have demonstrated that a patch antenna can be used to detect and measure different physical parameters such as cracks (Mohammad and Huang 2009, Deshmukh et al 2009) and mechanical strain (Tata et al 2009) . A typical patch antenna, as shown in figure 1, consists of a dielectric substrate placed between a metallic patch and the ground plane. The factors determining the resonant frequency of the patch antenna are the geometric length and width of the antenna patch, the conductivity of the ground plane and the dielectric properties of the dielectric substrate (Balanis 2005) . Physical parameters having an influence on these factors will cause the resonant frequencies of the patch antenna to change. Therefore, a patch antenna can be exploited to measure the physical measurands based on its effect on the resonant frequency. For example, we have demonstrated that the antenna resonant frequency is very sensitive to mechanical strain developed in a structure subjected to external loading (Tata et al 2009) . In addition, metallic structures can act as the ground plane for the patch antenna. Cracks in the ground plane under a patch antenna increase the average path length of the current flow, resulting in a reduction in the resonant frequency of the patch antenna. By measuring the change in the antenna resonant frequencies, the crack growth under the patch antenna can be detected and quantified.
In this paper, we present a technique to wirelessly interrogate the antenna sensors and thus achieve passive operation of the antenna sensor. By eliminating the need for a power source at the sensor level, no electric wiring is required for data transmission or power supply, which could facilitate the implementation of large-scale sensor networks. The principle of wireless interrogation based on antenna backscattering is first discussed, followed by the discussions of hardware implementation and software development to extract the antenna resonant frequencies from the backscattered signal. Experimental results that demonstrated wireless interrogation of the antenna sensor are presented. Developing a power budget model to estimate the maximum interrogation distance is also presented.
Principle of operation
A passive antenna sensor can be wirelessly interrogated based on the principle of antenna backscattering. If we broadcast a wideband interrogation signal toward the antenna sensor using an antenna reader, the portion of the interrogation signal whose frequency matches with the resonant band of the antenna sensor will be received by the antenna sensor. If the antenna sensor is not properly terminated with perfectly matched impedance, the received signal will be reflected at the termination and reradiated by the antenna sensor. The reradiation of the received signal by an antenna is called the antenna mode backscattering. In addition to antenna backscattering, the surrounding structures and the antenna's physical structure will indiscriminately scatter back the wideband interrogation signal, creating structure mode backscattering. In other words, the backscattered signal received by the antenna reader consists of two types of backscattered signals: the antenna mode backscattering and the structure mode backscattering (Penttila et al 2006 , Dardari and D'Errico 2008 , Knott et al 1993 . The structure mode backscattering usually has the same spectrum as the interrogation signal. The antenna mode backscattering, however, has a spectrum that matches the resonant frequency band of the antenna. Based on this principle, we can measure the resonant frequency of the antenna sensor remotely by performing spectral analysis of the antenna mode backscattering.
Since the surrounding structures are much larger than the antenna aperture, the structure mode backscattering is typically one or two orders of magnitude greater than the antenna mode backscattering. Without proper signal manipulation and data processing, we will not be able to determine the resonant frequency of the antenna sensor from the backscattered signal since it is dominated by the structural mode backscattering. To resolve this difficulty, a signal normalization scheme that can significantly reduce the structure mode backscattering is needed. This can be achieved by switching the terminating impedance of the antenna sensor from open to short. For an open termination, the received signal is reflected without any phase change. For a short termination, however, the received signal is reflected with a 180
• phase change at the termination. Therefore, there is a 180
• phase difference between the antenna mode backscattering measured when the patch antenna is terminated with an open circuit and that measured when the patch antenna is terminated with a short circuit. On the other hand, the structure mode backscattering remains the same regardless of the antenna termination. Subtracting the backscattered signals obtained at these two antenna termination states, therefore, will cancel out the structure mode backscattering while doubling the antenna mode backscattering. The normalized antenna mode can then be analyzed in the frequency domain to determine the resonant frequency of the antenna sensor.
The implementation of wireless interrogation of the antenna sensor using impedance switching is illustrated in figure 2 . The antenna sensor is placed in the far-field region of an interrogating antenna. A wideband chirp signal is radiated from the interrogation antenna toward the antenna sensor. A microwave switch can be inserted between the antenna sensor and its ground plane to switch the termination of the antenna sensor from open to short, as shown in figure 2(a). In order to make the antenna sensor completely wireless and passive, this microwave switch should be remotely controlled as well. The implementation of a light-activated microwave switch is illustrated in figure 2(b). A low-power microwave band field-effect transistor (FET) device controlled by a compact photocell is employed to perform the switching action. The FET gate terminal is biased by the gate-source voltage, which is provided by the photocell. A light beam can be used to control the photocell voltage and thus remotely control the FET switching operation. When the light beam is off, the junction between the drain and the source terminals of the FET is saturated. Therefore, there is a perfect electrical connection between these two terminals, short-terminating the antenna sensor to the ground. When the light beam is turned on, the photocell provides −0.8 V to the gate terminal of the FET, which cuts off the junction between the source and the drain terminal of the FET. As a result, the antenna sensor is open terminated. Using this light-activated microwave switching mechanism, wireless interrogation and passive operation of the antenna sensor can be achieved.
Implementation and evaluation of the microwave switching circuit
A pseudomorphic high electron mobility transistor (pHEMT), ATF36077 from Avago Technologies, was selected to implement the switching circuit because it has good performance characteristics in the microwave frequency band and it is a discrete device available in a microstrip package. In order to verify the switching mechanism over the required operating frequency range, an experimental setup as shown in figure 3 was devised. The pHEMT is controlled using a voltage source and the reflections of the microwave signal supplied to the drain terminal at different switching states are measured using a vector network analyzer (VNA-Rohde & Schwarz ZVA24). The pHEMT, mounted on a dielectric substrate, is connected to the VNA through a SMA connector by connecting its drain terminal and the pin of the SMA connector using a microstrip transmission line. The source terminal of the pHEMT is connected to the ground. The VNA was set to measure the reflection S-parameter S 11 from 3 GHz to 10 GHz with 4000 points. This experiment was performed for gate terminal voltages of 0 V and −0.8 V, corresponding to the case when the pHEMT is in saturation mode and in cutoff mode, respectively. The phase responses of the measured S 11 parameters at the two pHEMT switching states were subtracted to determine the phase difference between these two reflections.
After the switching mechanism of the pHEMT was verified, the light-activated switching circuit was implemented using the pHEMT and a photocell (Clare model-CPC 1832). The integration of the antenna sensor and the light-activated switching circuit is shown in figure 4. The patch antenna was fabricated by bonding a dielectric substrate (Kapton HN, 125 μm in thickness, dielectric constant ε r = 3.4) on an aluminum block using super glue, followed by bonding the antenna patch on the dielectric substrate, again using super glue. The antenna patch pattern and the transmission line were cut from a copper tape (3M 118, 68 μm in thickness, 12.75 mm in width and 15 mm in length) using a sharp blade. The source terminal of the pHEMT, the anode of the photocell and the ground of the 560 k resistor were bonded to the antenna ground plane using conductive epoxy. The inset-fed antenna sensor was connected to the drain terminal of the pHEMT through a microstrip transmission line. The gate terminal of the pHEMT was connected to the cathode of the photocell. The pHEMT offers an open circuit from its drain terminal to the ground plane when its gate voltage is kept at −0.8 V and a short circuit when its gate voltage is 0 V. The 580 k resistor was employed to reduce the voltage output (at constant current) of the photocell from an open circuit value of 8 V to 0.8 V when it was exposed to a light beam generated by a flashlight. To make sure that the photocell produces a stable output, the light beam should be strong enough so that the photocell is operating in saturation. It was observed that the ambient light was not sufficient to cause any change in the pHEMT biasing.
Wireless interrogation of the passive antenna sensor
The experimental setup for wireless interrogation of the passive antenna sensor is illustrated in figure 5 (a). The antenna sensor was placed in the far-field region of an interrogating horn antenna connected to a VNA. A light source was placed pointing at the photocell that switches the termination of the antenna sensor. The light source and the VNA were controlled by a program developed using Microsoft Excel. The implementation of the wireless interrogation system is shown in figure 5(b) . An A6100 horn antenna from Singer was employed as the interrogation horn antenna. The antenna sensor and the light-activated switching circuit were implemented on an aluminum block, which is then mounted on a large aluminum sheet that imitates a large metallic structure. The distance between the antenna sensor and the horn antenna was 1.34 m. The horn antenna was connected to port 1 of a VNA, which was programmed to collect 4000 data points from 5 GHz to 9 GHz. The VNA was calibrated with its reference plane at the horn antenna feeding point and the output power of the VNA was set to 20 dBm. A flashlight was used as the light source. To control the flashlight using the Excel control program, the flashlight was connected to a power supply through a relay (OEG model OUAZ-SS-105D). The switching signal for the relay was generated using the parallel port of the computer. The VNA was connected to the computer using an Ethernet cable. An Excel control program was developed to initiate the VNA at the beginning of the test, trigger the VNA to collect data at different antenna termination states, receive data from the VNA and store the data in the hard disk of the computer. The same program also controls the light source so that the switching of the antenna termination and the data collection are synchronized. The measurement was done in two steps. The spectrum of the backscattered signal was first measured when the light source was turned off. At this state, the pHEMT was in saturation mode and the antenna sensor was short terminated. The light source was then turned on to bias the pHEMT into the cut-off mode and thus terminate the antenna sensor with open impedance. The VNA was again triggered to collect the spectrum of the backscattered signal. The measured spectra were downloaded from the VNA to a computer for data processing.
A rectangular patch antenna can radiate at two fundamental radiation modes: the TM 01 mode is polarized along the length direction of the antenna patch, while the TM 10 mode is polarized along the width direction of the antenna patch (Tata et al 2009). As long as the antenna patch is not square, it will display two resonant frequencies: each corresponding to a fundamental radiation mode. These two resonant frequencies, denoted as f 01 and f 10 , can be interrogated separately by aligning the polarization of the interrogating signal to be parallel to the polarization direction of a particular radiation mode. For example, the horn antenna used in figure 5(b) has two connectors: one for vertical polarization and the other for horizontal polarization. As shown in figure 6 (a), in order to interrogate the antenna frequency associated with the width dimension of the antenna sensor, namely the f 10 frequency, the connector of the horn antenna for vertical polarization is connected to the VNA. In figure 6 (b), the VNA connection is switched to the horizontal polarization to interrogate the f 01 frequency.
Digital signal processing for antenna mode normalization and time gating
As discussed in section 4, two sets of backscattering signals presented in frequency domain were acquired using the VNA at the two termination states of the antenna sensor. These two sets of data should be subtracted to isolate the antenna mode backscattering from the structural mode backscattering. In addition, the VNA measures the frequency components of the backscattered signal over a long time span. The arrival of the antenna mode backscattering, on the other hand, is determined by the distance between the interrogating antenna and the antenna sensor. Therefore, the signal-to-noise ratio (SNR) of the antenna mode signal can be improved by time gating the normalized backscattered signal. In order to perform time gating, the frequency-domain signal measured by the VNA must be converted to time domain first. After time gating, the time-domain antenna mode signal again needs to be converted back to frequency domain to extract the resonant frequency of the antenna sensor. A digital signal processing program, therefore, is needed to perform the time gating, the frequency-time domain conversions and the normalization scheme. A flow diagram of the signal processing algorithm is shown in figure 7 . The two measurement data files are imported into the program first. Subsequently, the frequencydomain signals are converted to time-domain signals using inverse fast Fourier transformation (IFFT). The time-domain signals are then subtracted to obtain a normalized signal that supposedly contains the antenna mode backscattering only. Next, a short-time Fourier transformation (STFT) is performed to display the time-frequency components of the normalized signal, based on which the starting and ending time of the antenna mode backscattering can be selected. Finally, the normalized antenna mode signal is time gated and is converted to frequency domain using fast Fourier transformation (FFT). Based on the frequency spectrum of the time-gated antenna mode backscattering, the resonant frequency of the antenna sensor corresponding to the polarization of the interrogating signal can be determined.
Power budget model
The power received by the antenna sensor P rs , placed at a distance R from the interrogating horn antenna, can be calculated from the Friis transmission equation (Balanis 2005) as
where G h and G s are the gains of interrogating horn antenna and the antenna sensor, respectively. λ is the wavelength of the interrogation signal and P t is the power of the interrogation signal. When the pHEMT is in saturation mode, the pHEMT introduces an insertion loss due to the impedance mismatch between the microwave switching circuit and the patch antenna. Therefore, the power of the signal that passes through the pHEMT and reaches the ground is given by
where D ds is the insertion loss of the pHEMT for signals transmitting from the drain terminal to the source terminal. Reflected by the ground, the signal has to go through the pHEMT again to reach the patch antenna. As a result, the power of the signal that is reflected back to the patch antenna is
Again, D sd is the insertion loss experienced by the signal transmitted from the source terminal to the drain terminal of the pHEMT. The reflected power P bs is transmitted by the patch antenna and received by the interrogating horn antenna. The received power at the interrogating horn antenna is again calculated from the Friis transmission equation, i.e.
Substituting equations (1) and (3) into equation (4), we have
When the pHEMT is in cut-off mode, the patch antenna is open circuit terminated. Similarly, the power of the signal received by the horn antenna when the antenna sensor is open terminated is calculated as
where S 11 is the S-parameter measuring the reflection from the pHEMT. The power of the normalized antenna mode is then given by
In order to interrogate the antenna sensor with a required SNR, the power of the normalized antenna mode should satisfy
where NF is the noise figure of the measurement system. The maximum distance R max at which the sensor can be successfully interrogated, therefore, can be derived from equations (7) and (8) as
Results and discussions
Results from two experiments will be discussed in this section. The first experiment was conducted to study the switching operation of the pHEMT. The second experiment was conducted to verify the wireless interrogation of an antenna sensor. In addition, the insertion losses of the pHEMT and the noise figure of the measurement system were measured, based on which the maximum interrogation distance can be estimated.
To verify the switching operation of the pHEMT, the S 11 parameters of the pHEMT-based switching circuit were measured using the experimental setup shown in figure 3. The S 11 curves obtained when the pHEMT was in cut-off and saturation states are shown in figure 8(a) , which correspond to an open-terminated and a short-terminated transmission line, respectively. It can be observed from figure 8(a) that the return loss of the pHEMT is flat from 4.2 GHz to 7.5 GHz for both states. The return loss of the pHEMT in saturation has a valley at around 4.1 GHz due to the loop resonance between the SMA connector and the ground plane. This resonance effect will not be present in the antenna sensor since the SMA connector will be replaced by the patch antenna (see figure 3) . The timedomain response of the pHEMT at these two states is shown in figure 8(b) . Since the VNA is calibrated to the plane of the SMA connector feed, the response from 0 ns to 0.2 ns is due to the transmission line. The pHEMT response covers the time span from 0.2 ns to 0.37 ns. The large pHEMT response amplitude is due to the open and short termination of the pHEMT. A phase difference of approximately 180
• between the responses of the two pHEMT modes is clearly visible. If we time gate the pHEMT response and process them using FFT, the phase difference between the pHEMT responses for the saturation mode and the cutoff mode can be obtained, as shown in figure 8(c) . The frequency-domain phase difference is pretty constant for the entire frequency range of operation but is slightly lower than 180
• . This is due to the additional transmission line needed to connect the pHEMT to the ground. Nevertheless, the phase difference is sufficient to achieve the normalization scheme.
Wireless interrogations of the antenna sensor were performed using the experimental setup shown in figure 5 . The resonant frequencies of the antenna sensor were first simulated using an EM simulation tool, Sonnet Pro. As shown in figure 9 , the S 11 curve of the antenna sensor displayed two resonant frequencies, i.e. f 01 = 6.3 GHz and f 10 = 7.4 GHz. The polarization of the interrogation horn antenna was configured to interrogate the f 01 frequency first. The normalized backscattered signal is shown in figure 10(a) . Obviously, the normalization process did not cancel out the structural mode backscattering completely. Nevertheless, the spectrogram of the normalized signal shown in figure 10(b) displayed a strong frequency component at 6.5 GHz between 10 ns and 11.5 ns. Based on the spectrogram, the wave packet from 9.8 ns to 11.5 ns of the normalized signal was identified as the antenna mode backscattering, as highlighted in figure 10(a) . The arrival time of the antenna mode backscattering, at around 9.8 ns, is the time taken for the interrogation signal to propagate from the horn antenna feed to the antenna sensor and back. The antenna mode signal was time gated and processed using FFT to obtain the frequency spectrum of the antenna mode signal, as shown in figure 11(a) . The f 01 frequency of the antenna sensor was determined from the frequency at which the amplitude of antenna mode is the largest. The f 01 frequency measured from figure 11(a) is 6.35 GHz, which matched with the simulated f 01 frequency very well. In addition, repeated experiments yielded consistent results, which verified the stability of the measurements over time. The f 10 frequency of the antenna sensor was measured following the same procedure, except changing the polarization of the interrogation signal. The frequency spectrum of the f 10 antenna mode signal is shown in figure 11 (b). The f 10 frequency measured from figure 11(b) is 7.4 GHz, which again matched with the simulated f 10 frequency very well. The SNR of the time-gated normalized antenna mode at f 10 frequency was estimated to be approximately 1.16 (0.64 dB). Averaging the seven measurements improved the SNR slightly (see dashed green curves in figures 11(a) and (b)). This indicates that the 'noise floor' is probably contributed by other deterministic scattering sources due to the imperfect normalization.
To measure the insertion losses of the pHEMT and the noise figure of the measurement system, the transmission S-parameters from the horn antenna to the patch antenna were first measured by connecting the horn antenna to port 1 of the VNA and the patch antenna to port 2 of the VNA. The S 12 and S 21 parameters were measured to be around −34 dB. Assuming the interrogation frequency is f = 7.5 GHz, the gain of the horn antenna is G h = 12 dBi = 15.84, the gain of the antenna sensor is G s = 6 dBi = 3.98 and the distance R = 1.34 m, the calculated horn antenna to patch antenna transmission loss is 34.5 dB, which matched with the measurements very well. Next, the switching circuit was added between the patch antenna and the port 2 of the VNA. When the pHEMT is in saturation, i.e. the patch antenna is short-connected to the SMA connector, the S 12 and S 21 parameters were measured to be 43.4 dB. Therefore, the insertion losses of the switching circuit, D ds and D sd , can be calculated from the S 12 and S 21 parameters measured before and after the switching circuit was inserted, i.e. D ds = D sd = 43.4-34.5 = 8.9 dB. The S 11 parameter of the pHEMT in cutoff mode can be measured from figure 8(a), which is around −1 dB. Substituting these parameters into equation (7), the power of the normalized antenna mode signal is calculated to be −49.91 dBm, assuming the interrogation power is 20 dBm. The noise figure of the system can be then estimated from the calculated receiving power and the measured SNR to be −50.55 dBm, which is 12.55 dB higher than the noise figure of the VNA calculated from the specifications of the VNA. The additional noises are likely contributed by the surrounding medium and the structural mode backscattering that was not completely cancelled out by the normalization process. To increase the interrogation distance and the SNR, the power of the interrogation signal and the gain of the interrogation antenna should be increased. For example, increasing the power of the interrogation signal to 30 dBm and the gain of the interrogation antenna to 20 dB, the interrogation distance can be increased to 3.5 m with a SNR of 10 dB, assuming the other parameters remain the same (D ds = D sd = 8.9 dB and NF = −50.55 dBm). Reducing the insertion losses D ds and D sd of the switching circuit will also increase the interrogation range. However, their influences on the interrogation range are not very significant, based on equation (9).
The wireless interrogation scheme using a VNA requires multiple transformations from frequency domain to time domain and vice versa. These multiple transformations can be avoided if a time-domain measurement technique such as time-domain reflectometry (TDR) is used. However, TDR usually has a smaller dynamic range and higher noise floor than a VNA. Therefore, a lock-in amplifier maybe needed to improve the TDR SNR. In addition, the wireless interrogation system can be improved by replacing the light-activated switch with a RF-activated switch that does not require direct line-ofsight propagation.
Conclusions
This paper presented a technique to wirelessly interrogate passive antenna sensors. Experimental results demonstrated that an antenna sensor with dual polarizations can be interrogated wirelessly by implementing a light-activated RF switch. This capability enables the antenna sensors to transmit measurement information along both its length and width direction. A power budget model was established, which can be used to estimate the maximum interrogation distance with different measurement configurations. We are evaluating the wireless interrogation scheme to measure the crack-induced or strain-induced resonant frequency shifts of the passive antenna sensors. The results of the experiment will be a subject of subsequent publications. 
